The spindle checkpoint regulates microtubule-based chromosome segregation and helps to maintain genomic stability [1,2]. Mutational inactivation of spindle checkpoint genes has been implicated in the progression of several types of human cancer. Recent evidence from budding yeast suggests that the spindle checkpoint is complex. Order-of-function experiments have defined two separable pathways within the checkpoint. One pathway, defined by MAD2, controls the metaphase-to-anaphase transition and the other, defined by BUB2, controls the exit from mitosis [3-6]. The relationships between the separate branches of the checkpoint, and especially the events that trigger the pathways, have not been defined. We localized a Bub2p-GFP fusion protein to the cytoplasmic side of the spindle pole body and used a kar9 mutant to show that cells with misoriented spindles are arrested in anaphase of mitosis. We used a kar9 bub2 double mutant to show that the arrest is BUB2 dependent. We conclude that the separate pathways of the spindle checkpoint respond to different classes of microtubules. The MAD2 branch of the pathway responds to kinetochore microtubule interactions and the BUB2 branch of the pathway operates within the cytoplasm, responding to spindle misorientation.
Results and discussion
Protein fusions between Bub2p and green fluorescent protein (GFP) have been used to visualize the localization of Bub2p to the spindle pole body (SPB) [4, 5] . We constructed a Bub2-GFP fusion and confirmed previous observations that Bub2-GFP localized in a pattern consistent with the SPB (Figure 1a ). We were interested in determining the localization of Bub2-GFP within the SPB to gain insight into the function of Bub2p within the cell. Anti-GFP antibodies were used to determine where Bub2-GFP was localized within the SPB [7] , and Figure 1b-d shows that Bub2-GFP localizes to the cytoplasmic face of the SPB.
The BUB2 gene in Saccharomyces cerevisiae was originally identified in a screen for benomyl-sensitive mutants that were unable to arrest in the cell cycle in response to this microtubule-depolymerizing drug. The localization of Bub2p to the cytoplasmic face of the SPB suggests that the protein interacts with microtubules within the cytoplasm. To test this hypothesis, we determined if there was a genetic interaction between bub2 and kar9 mutants. Microtubule function during vegetative growth of S. cerevisiae is divided between two cellular compartments. The microtubules within the nucleus are required for spindle assembly, chromosome segregation and spindle elongation during anaphase [8] . The cytoplasmic microtubules are required for nuclear positioning to allow for anaphase spindle elongation and nuclear division across the bud neck. Proper nuclear positioning is required to get a nucleus into each daughter cell. Genes that affect nuclear positioning have been identified as mutants that misorient spindles at mitosis such that anaphase occurs in the mother cell [9, 10] . The consequence is that there are two types of mitosis in these mutants. The first is an essentially normal mitosis producing binucleate cells with a nucleus within each bud. The second is an abnormal mitosis that results in two nuclei within the mother cell. Genes that affect microtubule function in spindle orientation define two redundant pathways [9] . The KAR9 gene defines one pathway. Kar9p localizes to the cell cortex of the daughter bud where it coordinates interactions between cytoplasmic microtubules and the actin cytoskeleton to effect spindle orientation [11] .
We constructed strains that lacked BUB2, KAR9 or both genes (see Supplementary material) and compared them with wild-type cells. The kar9 phenotype is more pronounced when cells are grown at reduced temperatures (see Supplementary material). To study nuclear segregation the mutant strains were grown at the semi-permissive temperature of 17°C for 17 hours and examined by microscopy. Incubation at 17°C allowed growth for several cell cycles (the doubling time of strain 9507 was 5 hours at 17°C) under conditions that exacerbated the kar9 phenotype. The cells were stained with DAPI to identify nuclei. Less than 1% of the wild-type cells had unusual binucleate cells (Figure 2a ) compared with 8% of the kar9 cells (Figure 2b) . All of the unusual binucleate kar9 cells were large and double-budded. There were no anucleate cells, in agreement with the previous description of the kar9 deletion mutant [9] . In contrast, 30% of the kar9 bub2 double mutants were unusual and multinucleated, containing two, three or more nuclei ( Figure 2d ). In addition, 12% of the kar9 bub2 mutant cells were anucleate. The data are summarized in Table 1 . We conclude that BUB2 prevents kar9 mutants from forming multinucleated and anucleate cells. We constructed mad2 and kar9 mad2 mutants and determined their nuclear content after growth at 17°C as described above. The mad2 mutant had less than 1% unusual binucleate cells, a similar proportion to both wild-type and bub2 mutant cells ( Table 1 ). The kar9 mad2 double mutant produced 6% unusual binucleate cells that were large and double budded, a similar proportion to the kar9 mutant (Table 1 and Figure 2c) . Therefore, the cell-cycle arrest in unusual binucleate cells occurs independently of Mad2p.
The observation that kar9 and kar9 mad2 mutants produced unusual binucleate cells but no anucleate cells suggested that cells with misoriented spindles did not complete cytokinesis. From anti-tubulin staining and spindle morphology we determined whether the unusual binucleate kar9 and kar9 mad2 cells were arrested in the cell cycle. Binucleate cells that have completed anaphase but have not exited mitosis maintain an intact elongated spindle because spindle breakdown occurs concurrently with cyclin B2 (Clb2p) destruction at the end of mitosis [12] . In most cases (> 98%, N = 100), the unusual binucleate kar9 and kar9 mad2 cells contained intact spindles, suggesting that anaphase was complete and that the cells had not exited mitosis (Figure 2e,f) . In contrast, normal looking binucleate cells in the kar9 and kar9 mad2 mutants were similar to the wild-type and bub2 cells in that approximately 43% (N = 100) of the cells that completed anaphase had exited mitosis (Figure 2e,f) . The data are summarized in Figure 3 . In contrast, the majority of multinucleated kar9 bub2 cells were devoid of intact spindles ( Figure 2g ). Therefore kar9 and kar9 mad2 cells produce unusual binucleate cells that are delayed in the exit from mitosis.
The large proportion of multinucleate cells in the kar9 bub2 mutant that lack intact spindles suggests that kar9 mutants do not arrest in anaphase in the absence of BUB2. This explains the large number of anucleate cells in the kar9 bub2 culture. Furthermore, the kar9 bub2 cells become multinucleate because mitosis is not restrained in subsequent cell cycles, in the absence of BUB2. We could detect a small percentage of multinucleate cells that had intact spindles (Figure 2h ). In every case, the multinucleate cells were at the same stage in the spindle cycle, suggesting that nuclear division was coordinated in cells with multiple nuclei. We conclude that BUB2, but not MAD2, is required to prevent unusual binucleate cells, with misoriented spindles from exiting mitosis.
Bub2p localizes to the cytoplasmic face of the SPB and is on the outside of the nucleus. We propose that the two branches of the spindle checkpoint operate in different subcellular compartments. The kinetochore and the proteins of the MAD2 branch of the pathway operate within the nucleus. The BUB2 pathway operates within the cytoplasm. This is supported by the observation that kar9 cells with misoriented spindles arrest in anaphase. This arrest is overcome in kar9 bub2 double mutants. These data suggest that the function of Bub2p is to delay the cells when spindles are misoriented. The effect is not specific to kar9 mutants because time-lapse microscopy of mitosis following spindle misorientation in dyn1 mutants (dynein heavy chain) shows that cells arrest in anaphase in a BUB2-dependent manner (A. Bloecher and K. Tatchell, personal communication).
There is one observation that suggests that Bub2p may not be part of a checkpoint. Cells with misoriented spindles do not complete anaphase. The classic definition of a checkpoint, such as the DNA damage checkpoint, is a regulatory mechanism that arrests cells in the cell cycle to give time for the cells to repair any damage [1, 2] . The cells with misaligned spindles do not appear to recover from the aberrant spindle orientation. There does not appear to be a mechanism to repair the damage. Perhaps the kar9 mutation produces an effect on spindle orientation that is more severe than a cell normally encounters. Yeast cells may have evolved a checkpoint that responds to slight spindle misorientation but the dramatic effects caused by a kar9 mutation are beyond repair.
Alternatively, Bub2p may not be part of a checkpoint but may be one of the components that regulate the exit from mitosis. There is mounting evidence that late events in the cell cycle are regulated by asymmetric localization of regulators on the spindle poles [13] . BUB2 is a homolog of such a gene from Schizosaccharomyces pombe, and has been proposed to be part of a two-component GTPase-activating protein (GAP). This GAP inactivates the small G protein Tem1p, which is required to exit mitosis [3] . Therefore, the Bub2p-GAP interaction probably ensures that Tem1p remains inactive before appropriate nuclear separation. Nuclear division is not sufficient to induce mitotic exit, as kar9 cells with divided nuclei within the same bud do not exit mitosis. As this arrest is BUB2 dependent, Bub2p may be involved in maintaining the appropriate inactive state and/or localization of Tem1p before anaphase spindle elongation across the bud neck. Therefore, in the absence of Brief Communication 1377 Bub2p, Tem1p could become active even with misoriented spindles and promote mitotic exit. In this model, Bub2p is an essential component of the mitotic exit machinery required for appropriate control of Tem1p, and not a surveillance mechanism that has evolved to sense and correct damage in the cell cycle. A more complete understanding of the events regulating the exit from mitosis will require a complete understanding of the subcellular localization and interactions of the key regulators.
Supplementary material
Supplementary material including information regarding strains, plasmids, microscopy and the growth of kar9 bub2 mutants is available at http://current-biology.com/supmat/supmatin.htm.
